HPV-associated disease
Human papillomavirus (HPV) is a small, non-enveloped DNA virus that causes a variety of epithelial neoplasias. More than 100 different types of HPV have been identified and can cause a variety of illnesses from benign hand and foot warts to invasive cervical and anal cancer ( Table 1) . Nearly 40 HPV types that infect the human genital mucosa have been identified, and are referred to as the sexually transmitted HPV types, or simply HPV [1] .
HPV is highly prevalent, with an estimated 20 million people infected in the United States [2] . The incidence of HPV infections is rising, with 6.2 million new infections diagnosed annually [3] . Cumulative prevalence rates are as high as 82%, underscoring the fact that all sexually active individuals are at high risk of acquiring HPV infections and are subject to developing HPVassociated diseases [4] . Risk factors for disease include multiple sexual partners, high parity (five or more pregnancies), smoking, impaired cellular immunity, and a young age at the instigation of sexual relationships [5] .
External genital warts occur in more than 1 million people per year, and are almost always caused by low-risk HPV types 6 or 11 [6, 7] . Although genital warts are typically benign, psychosocial concerns associated with the diagnosis of a sexually transmitted disease (STD) often causes emotional distress in both men and women [8] . Infection with low-risk HPV has also been associated with abnormal Papanicolaou (Pap) test results, and HPV DNA has been found in cervical intraepithelial neoplasia grades 1 and 2 (CIN 1/2) [9] . In addition, infection with HPV types 6 or 11 can cause condylomatous changes that result in serious illness when associated with respiratory laryngeal papillomatosis or occlusive esophageal warts [10] .
Infection with high-risk HPV types is associated with many anogenital cancers, including anal, vaginal, vulvar, penile, and cervical cancer [11] . HPV DNA has been found in 99.7% of cervical cancers, and persistent infection with high-risk HPV types is considered necessary, but not sufficient, for developing cervical cancer [12] . HPV 16 alone is responsible for 52% of all cervical cancers [5] . HPV 18 and HPV 16 and 18 coinfection account for another 18% of cervical cancer diagnoses; therefore, HPV 16 and 18 are cumulatively responsible for approximately 70% of all cervical cancer [13] . Epidemiological studies S15 suggest that infection with HPV 16 or HPV 18 is associated with a more than 400-or 200-fold increased risk of developing cervical cancer, respectively [13] . After reviewing many years of accumulated evidence, both the National Toxicology Program (NTP) and the International Agency for Research on Cancer (IARC) have recognized the oncogenic potential of high-risk HPV types, and officially labeled HPV as a known human carcinogen [14, 15] .
The risks associated with HPV infection are generally not adequately recognized by health care providers or the general public. The proportion of cervical cancer cases attributed to HPV is higher than that of lung cancer cases attributed to smoking tobacco, a setting in which billions of dollars are spent in support of antismoking efforts annually; however, studies have reported that as few as 13-67% of adolescents have ever heard of HPV [16] [17] [18] .
The economic burden of HPV infection
The economic impact of HPV is substantial, including costs for cervical cancer screening, the follow-up of abnormal Pap test results, and treatment for invasive cancer. In an epidemiological study of 103 476 female enrollees of a northwestern US health care insurer, annual cervical HPV-related prevention and treatment costs were estimated to be US$26 415 in 1998 (per 1000 women, expressed in 2002 US dollars) [19] . Extrapolating this value to the general US population, the cost of HPV infection and its cervical-associated disease sequelae is estimated to be US$3.4 billion per year [19] . This makes the economic burden of HPV greater than that of hepatitis B, genital herpes, or chlamydia infections (Fig. 1) [19] [20] [21] [22] .
Only 10% of this estimate, or approximately US$350 million, is attributed to the treatment of invasive cervical cancer, whereas the other 90% of expenditures is for cervical cancer prevention (including the treatment of precancerous lesions and routine Pap screening). Routine cervical cytology amounts to 63.4% of the preventative costs, and false-positive Pap test results account for 9.1% of cervical HPV-related costs [19] . Additionally, substantial costs are associated with routine screening for, and management of, cervical HPV infection (Fig. 2) [19] . When considering positive results, 17.5% of the previously mentioned health plan costs were for the management of cervical precancers. Estimated expenditures were US$600 million for low-grade and US$250 million for high-grade squamous intraepithelial lesions [19] . The cost of HPV-related disease would be higher if indirect nonmedical costs, such as lost work time, increased stress and its effects, and lost personal time were included.
The estimated prevalence of HPV in adolescents and young adults 15-24 years old is 9.2 million; in 2000, 4.6 million incident HPV infections occurred in this age group [3] . Thus it is not surprising that young women incur the greatest cost for HPV-related health care. Women aged 20-29 years old incur annual costs (per 1000 women) of US$51,863, compared with US$40,967 for women 30-49 years old, US$28,491 for women 50-69 years old, and US$14,699 for women 70 years and older [19] . In one study, among both men and women 15-24 years old, approximately US$2.9 billion was spent in 2000 on the direct medical costs and clinical sequelae associated with cervical abnormalities and external genital warts [23] . This figure was comparable with the cost associated with the treatment of HIV in this age group, estimated to be approximately US$3 billion in 2000 [24, 25] .
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warts involve 3.1 physician visits and cost approximately US$436 (US$135 per visit) for complete clearance [26] . Moreover, the economic burden of genital warts among young adults is more than 2 times higher than for older age groups [26] .
Although the screening and treatment for cervical cancer and its precursors are costly, Pap testing has significantly reduced the mortality rates associated with cervical cancer in developed countries. Nonetheless, cervical cancer screening programs are not accessible to women of all social and ethnic backgrounds. Thus implementation of a cost-effective public health strategy that reduces the risk of cervical cancer in all women is a priority. Vaccination against HPV would be expected to avert some of the costs of the screening and treatment for HPV-related diseases.
[Overall, costs associated with HPV infection are so great that even small reductions in its incidence could lead to considerable cost savings.]
HPV vaccines for prevention of infection
Vaccines that protect against the most prevalent diseasecausing HPV types would be expected to reduce the incidence of the majority of HPV-associated diseases.
Vaccine-induced immunity may also reduce both horizontal (person-to-person) and vertical (mother-tonewborn) transmission by reducing or eliminating viral load in infected individuals and preventing progression of low-and high-grade cervical lesions to invasive cancers [27] .
During HPV infection, the late (L) genes L1 and L2 are expressed in differentiated superficial squamous cells and encode the capsid proteins that form the mature virion [27] . The major capsid protein L1 comprises the outermost layer of the virus and is important for virion assembly and structure [28] . The exogenous expression of L1 in a variety of cell types, including bacterial, yeast, insect, or mammalian cells, induces the formation of selfassembling virus-like particles (VLPs) that closely mimic the structure of natural HPV virions [28, 29] . Because VLPs do not contain genetic material, are not infectious, and have no oncogenic potential, they are ideal candidates for use in preventative HPV vaccines. To prepare a standard vaccine dose of 0.5 ml, VLPs are expressed in yeast or insect cells, purified, concentrated, distributed in 10-mg to 50-mg aliquots per HPV type, and combined with adjuvant [30] .
Infection with HPV types 16 or 18 is responsible for approximately 75% of all CIN lesions and 70% of cervical cancers. HPV types 6 and 11 cause nearly all genital warts [31, 32] . Consequently, vaccines in clinical development have focused on some or all of these four HPV types.
Researchers at the National Cancer Institute conducted the first proof-of-principle HPV type 16 VLP vaccine trial in animal models. They found that the vaccine induced considerable immunity against L1 capsid protein [33, 34] . The vaccine was subsequently shown to induce strong humoral immune responses in humans [35] . Moreover, VLP vaccines were shown to be safe, well tolerated, and
Harnessing the power of prevention Mayeaux S17 to induce seroconversion in all recipients. In other early trials, after 3 doses of vaccine, recipients exhibited robust B-cell responses and L1-specific T-cell responses with measurable cell-mediated immunity in the cervical mucosa, suggesting that VLP vaccines will effectively prevent HPV infection and HPV-associated disease [35] [36] [37] .
The first phase 2 study of a proof-of-principle HPV 16 vaccine produced in a large-scale setting confirmed that HPV VLPs induce antibody titers that are significantly higher than those produced by natural infection [38] .
No safety issues were documented, and the vaccine was well tolerated. Although the study was not powered to assess efficacy in preventing clinical disease, vaccine recipients developed fewer HPV 16-related cervical lesions than did placebo recipients, and the vaccine was shown to be 100% effective in preventing persistent infection [38] . Other monovalent VLP vaccines have produced similar results [7, 39, 40] .
Immune responses to HPVs are type-specific, so vaccination against multiple HPV types will achieve the greatest public health benefit. Multivalent vaccines incorporating the most common disease-causing HPV types are now in development. A double-blind, placebo-controlled phase 2 trial evaluated the efficacy, safety, and immunogenicity of a bivalent HPV 16 and 18 VLP vaccine in more than 1000 women (15-25 years old) with no history of abnormal cytology and few opportunities for prior HPV exposure [41] . Women were given intramuscular injections of vaccine (20 mg of each VLP plus adjuvant) or placebo (adjuvant alone) on day 1, at month 1, and at month 6, and followed for at least 18 months. Similar to monovalent vaccines, the vaccine was well tolerated, produced no serious adverse events, resulted in seroconversion among the majority of recipients, and induced high titers of type-specific antibodies to both HPV 16 and HPV 18. At the trial's conclusion, the vaccine was reported to be more than 90% effective in preventing incident, and 100% effective in preventing persistent, infection in vaccine recipients who followed the trial protocol (Fig. 3) . Analysis of a modified cohort of women who did not strictly follow the protocol (intention-to-treat analysis), often described as the 'real world group', showed that the vaccine protected against more than 85% of persistent infections, and was approximately 93% efficacious in preventing vaccine-type cytological abnormalities [41] (Fig. 3) .
A double-blind, placebo-controlled efficacy, safety, and immunogenicity phase 2 study of a quadrivalent vaccine engineered to protect against infection with HPV types 6, 11, 16, and 18 was also conducted. This vaccine, which includes the four most common HPV disease-causing types, is predicted to prevent the majority of genital warts, genital neoplasias, and cervical cancers. More than 500 women (16-23 years old), each with fewer than five male sexual partners and no history of abnormal Pap test results, were randomly assigned to receive vaccine (20 mg each of HPV 6 and 18 VLP, and 40 mg each of HPV 11 and 16 VLP plus adjuvant) or placebo (adjuvant only) on day 1, at month 2, and at month 6, and followed for 36 months [42] . The quadrivalent vaccine was also well tolerated, produced no serious adverse events, resulted in complete seroconversion among all recipients, and induced high titers of type-specific antibodies to all four HPV types. In the per-protocol cohort, the vaccine was 89% effective in preventing persistent infection and 100% effective in preventing clinical disease associated with the four HPV types (Fig. 4) . Vaccine efficacy in S18 Reducing the burden of cervical cancer and HPV-related diseases through vaccination Figure 3 Efficacy of a bivalent vaccine in preventing HPVrelated disease
Participating women were naive to human papillomavirus (HPV) infection at enrollment and received at least one dose of vaccine. During the 27-month follow-up, the combined incidence of persistent infection was reduced by 95.1%, and the incidence of HPV-related disease was reduced by 92.9% in the intention-to-treat cohort [41] .
Figure 4 Efficacy of a quadrivalent vaccine in preventing HPVrelated disease
Participating women were naive to human papillomavirus (HPV) infection at enrollment and received at least one dose of vaccine. During the 30-month follow-up, the combined incidence of persistent infection was reduced by 88%, and the incidence of HPV-related disease was reduced by 100% in the modified intention-to-treat cohort. Moreover, the incidence of CIN was eliminated in vaccine recipients. The overall efficacy in the modified intent-to-treat cohort was thus 89% [42] .
women who did not strictly follow the protocol was also high. In this group, the vaccine was 88% effective in preventing persistent infection, and 100% effective in preventing CIN and other clinical disease (Fig. 4) [42] .
Other randomized, placebo-controlled clinical trials are examining the primary endpoints of antibody titers, the prevention of persistent HPV infection, the prevention of abnormal cytology due to the involved HPV types, and the development of CIN and other vaccine type-specific genital lesions. Large natural history studies will add to the knowledge of HPV vaccine behavior over time [43, 44] . These studies will determine whether HPV-type substitution infections, variant migration within specific vaccine types, or the increasing virulence of type-specific HPV infections will occur. Additional trials are underway to evaluate the efficacy of HPV vaccination in men and women younger than 15 years and older than 25 years. Recently, the results of the Females United to Universally Reduce Endo-ectocervical disease (FUTURE II) trial were released. The quadrivalent HPV vaccine was found 100% effective at preventing HPV 16-and 18-related CIN 2/3, AIS, and cervical cancer for two years of follow-up [45] .
Public health benefits of HPV vaccination
The potential public health benefits of HPV vaccination have been reported by several mathematical modeling studies, each reporting similar findings [46] [47] [48] . A hypothetical vaccine administered to the current US population of 12-year-old girls (approximately 1 988 600), which is 75% efficacious against preventing high-risk HPV infection and requires a booster vaccination every 10 years, was predicted to avert 224 255 HPV infections, 112 710 cases of cervical dysplasia, 3317 cases of cervical cancer, and 1340 cervical cancer-related deaths over the girls' lifetimes [46] .
A separate study reported that the vaccination of 12-yearold girls with an HPV 16/18 vaccine would reduce the number of cervical cancer cases caused by HPV 16 or 18 by more than 95% (Fig. 5 ) [48] . Vaccinating both men and women was predicted to be more beneficial than vaccinating only women in a model that assumed 90% coverage with an HPV 16 vaccine and 75% efficacy in preventing HPV 16 infections for an average of 10 years [47] .
Vaccines that effectively reduce the incidence of HPV-associated clinical disease will also reduce the psychological morbidity associated with diagnosis and treatment. A diagnosis of genital warts, an abnormal Pap test result, or cervical cancer can cause high levels of anxiety and emotional distress. Genital warts are often the most anxiety-provoking outcome of HPV infection, especially in sexually active men and women who are not in monogamous relationships [49] . Therefore, vaccination against the most common HPV types that cause genital warts and cervical cancer is expected to eliminate a substantial proportion of the HPV-associated disease burden.
Vaccination strategies
In order for the vaccines to fully reach their disease prevention potential, public health officials will need to prepare strategies to effectively disseminate HPV vaccines. Vaccination programs must address the timing and route of vaccine administration, appropriate vaccination candidates, the need for boosters, and, potentially overcome social barriers to vaccine acceptance. Recommendations from professional societies, acceptance among health care providers, and strong public educational initiatives will most likely be required for widespread vaccine acceptance.
Vaccination strategies should target both men and women because the primary mode of HPV transmission involves men, and mathematical models suggest that vaccinating men will reduce the incidence of cervical cancer. Vaccination coverage of women will likely be less than 100% and possibly (albeit rarely) ineffective; therefore, vaccination of men would be expected to provide additional protection for the remainder of the female population through herd-immunity effects. A population-level study estimated that a female-only vaccination strategy would probably be only 60-75% as efficient in reducing the prevalence of HPV infection as a strategy targeting both sexes [47] . Precedence for vaccinating men in this setting exists with the rubella vaccine recommendations. Congenital rubella syndrome occurs in children of women who contract rubella during
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pregnancy. Although rubella causes no serious morbidity or mortality in males, it causes severe harm to unborn fetuses. Vaccinating both sexes at birth has led to a marked decrease in the incidence of the congenital rubella syndrome [50] . With the use of a quadrivalent vaccine, men would also directly benefit from the prevention of external genital warts.
Because HPV vaccines are prophylactic, vaccination before exposure to HPV will yield the greatest benefit. Vaccines that protect against sexually transmitted infections are ideally administered to a young population that
is not yet sexually active. Therefore, the vaccination of adolescents 10-12 years old should provide the most effective control of HPV infection and disease, as this population is generally sexually naive and has been shown to develop vigorous immune responses to vaccines [51] . Furthermore, public health analyses have shown that vaccines are more effective when initiated in younger populations [52] . Experts in adolescent medicine have suggested creating an adolescent immunization platform that could contain meningococcal, hepatitis A, hepatitis B, HPV, and, ultimately, herpes simplex and HIV vaccines. Direct-to-consumer television advertisements currently promote adolescent meningococcal vaccination in some regions of the United States, setting the stage for the acceptance of adolescent vaccination schedules.
Conclusion
Historically, vaccines have provided an effective means to reduce or even eliminate infectious disease-associated morbidity and mortality. For an HPV vaccine to be efficacious, it must confer durable protection against multiple HPV types. Phase 2 trial results with both a bivalent and quadrivalent vaccine have confirmed that HPV VLP vaccines are safe, effective, and induce longterm immunity to HPV infection. The bivalent vaccine is expected to reduce cervical cancer rates because it protects against HPV 16 and 18. The quadrivalent vaccine protects against HPV 6, 11, 16 and 18, and is expected to reduce the incidence of external genital warts in addition to preventing cervical cancer. Long-term follow-up studies of immunized individuals may also help define the pathological significance of certain HPV types for which the causal relationship is less well understood (e.g. head and neck cancers). To be most effective, HPV vaccines must be administered prior to sexual activity and although women are most at risk, vaccinating both men and women may provide the greatest reduction in HPV-associated disease rates.
